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TECHNICAL NOTE 2456 

ANALYTICAL METHOD FOE LEEERMININ& PERFORMANCE OF 
TURBOJET -ENGINE TAIL -PIPE HEAT EXCHANGERS 
By Michael Bahun and Harrison C. Chandler, Jr. 


SUMMART 

The performance of parallel-flow-type tail-pipe heat exohangers 1 b 
analytically investigated. An equation is developed relating the output 
of unfinned heat exchangers to the inlet- and outlet-air temperatures, 
engine- temperature ratio, corrected engine gas flow per unit of tail- 
pipe area, and heat -exchanger dimensions. 

The calculated perfo rman ce of heat exchangers, "based on assumed 
characteristics of a hypothetical engine (rated compressor pressure 
ratio, 4 and rated engine -temperature ratio, 3.4), are presented in the 
form of generalized working charts for heat -exchanger outlet air tem- 
peratures of 700° to 1100° E and flight conditions representative of 
climb and cruise operation. The use of these working charts to predict 
the performance of heat exchangers installed on engines having higher 
compressor-pressure ratios will give results that are optimistic. The 
method of calculating heat -exchanger performance as set forth in this 
analysis, however, is still applicable. 

The use of the generalized working charts to predict the perform- 
ance of unfinned heat exchangers is explained and the consideration of 
such factors as pressure drop through the air side of the heat 
exchanger and effect on engine performance is discussed. It is shown 
that, in general, the extraction of heat from the tail-pipe gas by 
mentis of a ram-operated unfinned tail-pipe heat exchanger has only a 
slight effect on engine performance. The addition of longitudinal fins 
to the air side of the heat exchanger in order to increase the heat out- 
put per unit of heat exchanger length is also considered. 

A comparison of the perfo rman ces of parallel -flow -type finned and 
unfinned tail-pipe heat exchangers on the basis of equal pressure drop 
through the air side at high heat outputs indicates that the unfinned 
heat exchanger because of its lighter weight and simpler construction 
is probably preferable to the longitudinally finned heat exchanger. 
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One of tlie principal aspects of the problem of protecting turbojet- 
powered aircraft against ice accretion is the selection and design of a 
satisfactory heat source for the thermal anti-icing system. The problem 
is particularly pertinent to aircraft designed for all -weather operation. 

The BACA lewis laboratory has undertaken a program of analytical 
study to evaluate the effect on turbojet -engine performance of extract- 
ing energy from several points in the engine cycle. The program 
included an investigation of the effects of air bleed from the compres- 
sor outlet , hot gas bleed from the turbine inlet, hot gas bleed from 
the turbine outlet, and shaft power extraction (references 1 to 4). 

Energy can also be extracted from the engine cycle by means of a 
tail-pipe heat exchanger. Inasmuch as the tail-pipe heat exchanger 
consists of a shroud surrounding the tail pipe of a turbojet engine, 
the heat exchanger has no resistance to the flow of gases through the 
tail pipe. Because of this fact and the large mass of hot gas that 
flows through, the tail pipe, the tail -pipe heat exchanger offers inter- 
esting possibilities as a source of heat for thermal anti -icing systems 
of turbo jet -powered aircraft. 

Thus, an analytical investigation has been carried out to deter- 
mine and to evaluate the performance of parallel-flow-type tail-pipe 
heat exchangers installed on a nonafterbuming turbojet engine. 

In the analytical investigation of the performance of tail-pipe 
heat exchangers, three main phases are considered; (l) the method of 
analysis and the development of generalized working charts expressing 
the performance of unfinned heat exchangers ; (2) calculation of engine 
performance with heat exchanger in operation; and (3) comparison of the 
performance of unf inn ed and longitudinally finned heat exchangers . 

The analysis, which is based on conventional heat-transfer equa- 
tions, relates the heat output to the heat -exchanger inlet and outlet 
air temperatures, engine temperature ratio, corrected engine gas flow 
per unit of tail -pipe area and heat -exchanger dimensions. Generalized 
working charts giving the performance of unfinned tail -pipe heat 
exchangers installed on a hypothetical engine are presented for flight 
conditions representative of climb and cruise operation for a range of 
altitudes and heat -exchanger outlet air temperatures . 

The effect of a tail-pipe heat exchanger on the engine cycle per- 
formance is given for a range of corrected engine speeds and tail-pipe 
total -temperature ratios. The effect of the inlet momentum drag (of a 
ram-operated heat exc hang er) and the pumping loss resulting from the 
extraction of power from the engine to force the air through the air 
side of the heat exchanger are also considered. 
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He heat output of unfinned and longitudinally finned heat 
exchangers is compared on the basis of; (l) equal heat -exchanger 
length, passage height, and outlet-air temperature; and (2) equal heat- 
exchanger length, outlet -air temperature, and pressure drop through the 
air side of the heat exchanger. 


SYMBOIS 


The following symbols are used in this report: 

A flow area, (sq ft) 

C-pCg constants 

Cp specific heat at constant pressure, (Btu/(lb)(°F)) 

diameter, (ft) 


D 


hydraulic diameter, (ft) 


4 x cross-sectional area 
wetted perimeter 


net thrust, (lb) 

h heat-transfer coefficient, (Btu/(hr) (sq ft)(°F)) 

k thermal conductivity, (Btu/(hr) (ft) (°F) ) 

l length of heat exchanger, (ft) 

IT engine speed, (rpm) 

n number of fins 

P total pressure, (lb/sq ft abs.) 

q heat flow, (Btu/hr) 

S surface area for heat transfer, (sq ft) 

s fin thickness, (ft) 

T mean temperature of fluid, (°R) 

U effective over-all heat-transfer coefficient, 

(Btu/(hr)(sq ft)(°F)) 

W weight flow, (lb /hr) 
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y height of passage, (ft) 

8 ratio of total pressure to HACA standard sea-level pressure, 

P/2116 

9 ratio of total temperature to HACA standard sea-level tempera- 

ture, T/519 

Subscripts : 
a air 

f finned heat exchanger 

g gas 

E rated 

u unfinned heat exchanger 

w -wall 

0 ambient conditions 

1 compressor inlet 

2 turbine inlet 

3 turbine outlet 

4 tail -pipe outlet 

5 exhaust -nozzle outlet 

6 heat -exchanger air inlet 

7 heat -exchanger air outlet 

COHFIGOEATIOHS 

The two types of parallel-flow tail-pipe heat exc han ger investi- 
gated are shown in figure 1. An unfinned heat exchanger consisting of 
an annular shroud surrounding the tail pips of a turbojet engine is 
shown in figure l(a). Air enters the heat exchanger at station 6, is 
heated as it flows along the annular passage, and is discharged at 
station 7 into the duct connecting the heat exchanger with the 
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anti-ioing system. Figure 1(b) shows a longitudinally finned heat 
exchanger in which the fin height is equal to the passage height (one- 
half the difference between the outer and inner diameter) and the fin 
length is equal to the heat -exchanger length. 


BASIC ASSUMPTIONS 

The following basic assumptions were made in the development of 
the equation expressing the performance of a parallel-flow, annular- 
type tail-pipe heat exchanger: 

*(l) Steady -state conditions 

(2) Heat -exchanger flow passages of constant cross-sectional area 

(3) Uniform transverse temperature distribution in annulus and 

tail pipe 

(4) Constant exhaust-gas temperature from inlet to outlet 

(5) Fully developed turbulent flow 

(6) Negligible radiant heat transfer 

(7) Negligible temperature drop across inside wall and no 

longitudinal conduction 

(8) No heat flow through outside wall 


ANALTSIS 

Under steady-state conditions, the rate of heat transfer from the 
exhaust gas through a thin separating wall to the air flowing over the 
outer surface of the tail pipe is given by 

q = US(T g -T a ) (1) 

where U is the over-all heat -transfer coefficient, S the heat- 
transfer area, and (T g -T a ) the effective mean temperature difference. 
The factor US is related to the individual heat-transfer coefficients 
as 

1_ _ 1 1 


( 2 ) 
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22 x 8 individual heat -transfer coefficient depends on the fluid and the 
flow conditions . Reference 5 gives the following relation for fully 
developed turbulent flow of air or exhaust gas in long ducts : 


h = 5.4X10 -4 


,0.3 ( a ) 0 * 8 

"oTzT 


V 


( 3 ) 


where T is the mean temperature of the fluid (°R) , w/a the weight 
flow per unit area (lb/(hr)(sq. ft)), and the hydraxilic diameter 

(ft) . Substitution of equation (3) (with proper subscripts) into 
equation ( 2 ) gives 



Inasmuch as the air flow through the heat exchanger, for the range 
of outlet-air temperatures of interest, will "be quite small in propor- 
tion to the engine gas flow, the decrease in gas temperature in the 
tail pipe will also he small. Consequently, the simplifying assumption 
that the mean gas temperature in the tail pipe 2 ? is equal to the 

O 

turbine -outlet gas temperature T 3 may he xaade. With thiB change made 
in equation (4) and with the engine gas flow per unit of tail-pipe area 
corrected to RACA standard sea -level conditions, the equation becomes 



/ w a G p , a\ / 5.4xl0 ~ 4 \ 1 - 2511 > h,a 

{ - 




0.2 m 0.1 


“•* w V • 


( 6 ) 
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The heat removed from the tail -pipe gas is given by 


1 - Wa c p,a T-jJ 




Solving equation (7) for W„ and substituting into equation (6) give 


5 . 4x10 


S a q.°* 8 (T 7 /T 1 + I ) 0 ’ 3 



Assuming c p a = 0.24 and rearringing terms give 



Transposing and gathering terms , 
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Inasmuch, as the hydraulic diameter of a circular duct is equal to the 


geometric diameter and the heat -transfer area on the gas side 
he expressed as equation (10) becomes 


'S 


may 




n ^ 

The parameter — tK - in equation (ll) is related to the fluid tempera- 

tures as follows (see the appendix for derivation) : 



For a ram-operated heat exchanger, Tg is equal to T^ and equation (12) 
becomes 



Figure 2 is a plot of equation (13). 

For an unfinn ed annular passage, the hydraulic diameter is 

equal to twice the passage height and the air-flow area Ag may be 
closely approximated by itD^y. The heat -transf er area on the air side 
of the heat exch ang er is equal to the heat -transf er area on the gas 
Bide For an unfinned tail-pipe heat exchanger, equation (ll) 

reduces to 
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Equation (14) relates the heat output to the fluid temperatures, cor- 
rected engine gas f low per unit of tail-pipe area, and heat exchanger 
dimensions . 


Heat -transfer theory indicates that the addition of fins to the 
air side of the tail-pipe heat exchanger should appreciably increase 
the heat output per unit length of the heat exchanger. Therefore, the 
addition of longitudinal fins to the air side of the heat exchanger 
can he expected to increase the heat output of a heat exchanger of 
given length or decrease- the length of a heat exchanger required to 
deliver a given heat output. 


Although equation (ll) is general, it does not lend itself 
readily to the calculation of the performance of finned heat exchangers. 
Consequently the finned heat -exchanger performance presented herein was 
calculated using the following expression derived from reference 5: 



• q. 



sbtj tanh 



+ (rtD - ns)h 




(15) 


CALCULATIONS AND ERESEnTATIOH OF 
GENERALIZED WORKING CHARTS 

Analysis of the icing problem indicates that for a typical hot- 
gas type thermal anti-icing system installed on turbo jet -powered trans- 
port aircraft the maximum heat requirements occur at a flight Mach 
number of 0.5 at an altitude of 15,000 feet. The flight conditions 
therefore considered to be of greatest interest were a Mach number of 
0.5 at altitudes from 5000 to 35,000 feet and a Mach number of 0.7 at 
altitudes from 25,000 to 35,000 feet 7 these flight conditions are con- 
sidered to be representative of climb and cruise operation, respectively, 
of most types of turbojet-powered aircraft. . v 
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The performance of unf irmed tail-pipe heat exchangers installed on 
a hypothetical nohafterburning turbojet engine was calculated using 
equation (14). The heat -exchanger inlet air temperature was assumed to 
"be equal to the temperature of the ram air at each flight condition 
investigated . 


The hypothetical engine assumed in these calculations was consi- 
dered to he representative of turbojet engines having a nomina l , com- 
pressor-pressure ratio of 4.0, a rated engine-temperature ratio of 3.4, 
and a rated corrected gas flow per unit of tail-pipe area of 40 pounds 
per second per square foot. The relation between engine gas flow and 
corrected engine speed and the basic engine pumping characteristics 
(engine total-pressure ratio P 3 /P 2 against total -temperature ratio 
T 3 /T 1 ) for corrected engine speeds of 0.9, 1.0, and 1.1 timeB the rated 
value are presented in figure 3 . For generality, all quantities are 
presented as fractions of their values when the engine 1 b operating at 
rated engine speed and standard sea-level engine -inlet conditions. For 
the climb condition, the engine was assumed to operate at rated engine 
speed and a turbine-inlet temperature of 2000° B. Operation during 
cruise was assumed to be at 95 percent of rated engine speed and a 
turbine-inlet temperature ratio Tg/T-^ of 95 percent of its rated 
value. The range of other variables used in these calculations were: 


Tail -pipe diameter, ft 1.5 to 2.17 

Tail-pipe length, ft 4 to 10 

Heat -exchanger outlet air temperature, °R 700 to 1100 


The results of the performance calculations of unfinned tail-pipe 
heat exchangers for the climb condition (Mach number of 0.5 at alti- 
tudes from 5000 to 35,000 ft) are presented in the form of generalized 
working charts in figure 4. The performance for heat -exchanger outlet - 
air temperatures of 800° to 1100° E is expressed in terms of a heat- 
oubput parameter q/DZ Y®1> 8X1 air-f ^ low parameter W a /DZ 


/ W a 

^where — 


"P, a 


A. 

DZ 

W 


- — =— y Land a ratio of heat -exchanger length to passage 
7~ T lV 


height Z 0 , ®/y. S imi lar generalized working charts showing the per- 
formance of heat exchangers at the cruising flight condition (Mach 
number of 0.7 at altitudes from 25,000 to 35,000 ft) are presented 
in figure 5 for outlet-air temperatures of 700° to 1000° E. 


Limitations of Working Charts 

As indicated previously, the calculated perfo rman ce of heat 
exchangers as given in the generalized working charts was based on 
assumed component characteristics of a hypothetical en gin e . The 
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accuracy in predicting the performance of heat exc hang ers installed on 
an engine of different design would depend on the similarity "between 
the characteristics of that engine and the engine characteristics used 
in computing the generalized working charts. 

° The engine characteristics affecting the performance of an unfinned 
tail-pipe heat exchanger, as given by equations (13) and (14), are 
engine temperature ratio and corrected engine gas flow. The present 
trend in engine design is toward higher compressor pressure ratios and 
higher turbine-inlet temperatures. However, because of metallurgical 
limitations, the increase in turbine -inlet temperature has not been as 
great as the increase in pressure ratio. Consequently, the increase 
in pressure ratio has been accompanied by a decrease in engine tempera- 
ture ratio. 

An indication of the magnitude of the effect of increased compressor 
pressure ratio (and consequently reduced engine temperature ratio) on 
heat-exchanger performance as obtained by use of the working charts is 
given by the following example. Assume a heat exchanger having a 
diameter of 2.17 feet and a length of 6 feet to be installed on an 
engine having a nominal compressor-pressure ratio of 10; the corres- 
ponding engine temperature" ratio is 10 percent lower than that assumed 
for the hypothetical engine. In addition, assume the required output 
of the heat exchanger, at an outlet-air temperature of 800° B, to be 
750,000 Btu per hour at a flight Mach number of 0.5 and an altitude 
of 15,000 feet. 

If figure 4 were employed to design this heat exc han ger, the 
result would be a configuration operating at an outlet-air temperature 
T ? of 750° E rather than 800° E and delivering a heat output 84 per- 
cent of the design value, because of the lower engine tail-pipe gas 
temperature. In order to attain the design heat output of 750,000 Btu 
per hour at the flight condition specified, the passage height on the 
air side of the heat exchanger would have to be reduced 28 percent 
below the value obtained from figure 4. 

Tn the case of a turbojet engine having a corrected engine gas 
flow per unit cf tail-pipe area 20 percent greater than that of the 
assumed hypothetical engine, use of figure 4 for the design problem 
Just described would produce an opposite effect. The heat exchanger 
would operate at an outlet- air temperature of 816° R rather than 
800° E and deliver a heat output 5 percent greater than the design 
value of 750,000 Btu per hour. 

The preceding examples indicate that; (l) the use of the working 
charts to predict the performance of a heat exchanger installed on an 
engine having a much higher compress or-pressure ratio, and consequently 
a lower engine— temperature ratio, than that assumed for the hypothetical 



12 


NACA TO 2456 


engine would give results that were optimistic; and (2) the effect of a 
change in corrected engine gas flow per unit of tail -pipe area on pre- 
dicted heat -exchanger performance* is very slight. Inasmuch as there is 
not likely to he an appreciable increase in corrected engine gas flow 
per unit of tail-pipe area, the use of the working charts to predict 
the performance cf heat exchangers installed on high pres sure -ratio 
engines will give optimistic results . 


METHOD OF DETEH M DOUG- EFFECT OF HEAT EXCHANGER 
ON ENGINE EERFOEMANCE 


The application of a tail-pipe heat exchanger to a turbojet 
engine introduces an engine cycle loss and, a pumping loss, both of 
which depreciate the engine performance. The cycle loss arises 
because the removal of energy from the tail pipe lowers the total 
temperature at the jet and thereby decreases the Jet thrust of the 
engine. The pumping loss results from the extraction of power from 
the engine to force the air through the air side of the heat exchanger. 
This power extraction may detract directly from the engine performance 
(shaft-power extraction and an auxiliary blower) or may decrease the 
propulsive effort even though the engine net thrust is unaffected 
(inlet -momentum drag for a ram-operated exchanger). 


The pumping characteristics (the relation between the engine 
total -pres sure ratio P 3 /f 1 and engine total-temperature ratio Tj/T-^) 
of the turbojet engine are unaffected by the extraction of heat by 
means of a tail-pipe heat exchanger because the heat extraction occurs 
downstream of the basic turbojet engine. However, the extraction of 
heat from the tail-pipe gas decreases the tail-pipe temperature ratio 
T5/T3. Accompanying this decrease in tail -pipe temperature ratio is a 
slight momentum-pressure increase (the inverse of the momentum -pres sure 
loss accompanying heat addition, as in tail-pipe burning) ; this 
increase is so slight, however, with the normal velocities in the 
engine tall pipe, that it can be neglected in the calculation of engine 
performance . 


The engine cycle performance with a tail-pipe heat exchanger is 
given in figures 6 to 9 for a ram pressure ratio of 1.35, corrected 
engine Bpeeds of 0.9, 1.0, and 1.1 times the rated value, and tail- 
pipe total-temperature ratios of 1.00 (no heat extracted), 0.99, 0.98, 
and 0.97. These data were computed by the method used in reference 6 
to determine the performance of a tail-pipe burner. The results of 
heat balance calculations presented in figure 6 relate the heat- 
removal factor (the corrected heat removed per pound of corrected 


thrust at rated engine operation 


(^n/^l^E 


to the fraction of rated 
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corrected thrust 


Fn/Sx 

(fn/h**' 


the tail-pipe temperature ratio 


T 5 /T 3 , and 


the corrected engine speed. Inasmuch as the turbine -outlet temperature 
is affected by changes in thrust level the heat -removal factor varies 


directly with both T 5 /t 3 


and 




Because the turbine -outlet 


temperature is relatively unaffected by changes in corrected engine 
speed -within the range shown, the heat -removal factor at a given thrust 
level is relatively unaffected by changes in engine speed. 


In figures 7 and 8, respectively, the fraction of rated engine 

T 3 / T l 

temperature ratio (ij yfr ' y aM the fraction of rated tail-pipe nozzle 
■Ag 3 1 S 

varea Ja^J~ 8X6 given 83 functions of the corrected thrust, corrected 

engine speed, and the tail-pipe temperature ratio. The effect on 
engine thrust of heat extraction at constant turbine-outlet (and hence 
turbine -inlet) temperature can be determined from figure 7, and the 
effect of heat extraction with constant tail-pipe nozzle area can be 
obtained from figure 8. A comparison of the spread of the curves with 
heat extraction (that is, with variation in Tg/T^ ) indicates that the 

effect of heat extraction on net thrust at a constant corrected engine 
speed is roughly three times as great for constant -area operation as 
for constant-temperature operation. This larger thrust decrease with 
constant -area operation results from a decrease in turbine -inlet tem- 
perature necessary in order to prevent the engine speed from increasing 
when the tail-pipe pressure is lowered as a result of the higher gas 
density at the tail-pipe nozzle when heat is extracted. 

The effect of tail-pipe heat extraction on the thrust specific 
fuel consumption is shown in figure 9. These curves are applicable 
to any mode of engine operation. 


Although figures 6 to 9 are for a ram pressure ratio of 1.35 
(Mach number of approximately 0.7) they can be used for Mach numbers 
from 0.5 to 0.9 with an error of less than 4 percent. 


As mentioned earlier, an additional propuls ive thrust loss is 
necessary in order to force the air through the air side of the heat 
exch ang er. The over-all effect of heat extraction with a tail-pipe 
heat exch ang er therefore requires the evaluation of this loss as well 
as the engine cycle loss. 


DETERMINATION OF UNb'lNNED HEAT-EXCHANGSIR PERFORMANCE 

It is assumed that in the usual heat -exchanger design problem the 
engine tail-pipe diameter will be fixed by the particular type of engine 
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installed in the airplane and that the heat -exchanger length will he 
governed by space limitations of the engine installation. The problem 
then -will he to determine the amount of heat -which can he extracted 
from the heat exchanger at the flight conditions of interest and to 
establish the proper combination of -annular passage height, outlet-air 
temperature, and rate of air flow through the annulus . In addition, 
it is necessary to determine the pressure drop on the air side of the 
heat exchanger and to dete rmin e the effect of heat -exchanger operation 
on engine performance. 

The detailed procedure for using the generalized working charts 
(figs. 4 and 5) to design a tail-pipe heat exchanger and the use of 
figures 6 to 9 to determine the effect of the heat exchanger on engine 
performance will now he illustrated. 


As indicated previously, it is assumed that the engine tail-pipe 
diameter, heat -exchanger length, and flight conditions are known . For 
a given value of heat -exchanger outlet- air temperature, several values 


of heat output q are assumed and the parameters r= 

q. VI ^ 


^ DZ 


( 


where 


W a 


D * c p,aW 


DZ A 

(Ty-T-j^) / 


are then computed. From the applicable 


generalized working chart the value of Z°‘®/y (corresponding to the 


values of 


dzv^t 


and 


m 


computed for each assumed value of heat 


output) is obtained and the heat -exchanger passage height y is com- 
puted. With the passage height and air flow known, the pressure drop 
through the annular passage and, consequently the ratio of the total 
pressure at the outlet to the total pressure at the inlet of the air 
side of the heat exchanger Py/Pg can be determined. In the present 


example a simplified method (considering friction and momentum pressure 
losses separately) was used to determine the pressure drop on the air 
side of the heat exchanger. 


The effect on engine performance of heat extraction from the tail 
pipe gas can be determined from f igures 6 to 9 in the following man n er 
With the flight and engine-operating conditions known and with the 

Fn/Sl 

values of heat output previously assumed, the parameters /„ /« \ , 

h/Y 5 ! i/ 5 #! n/ 1 E 

— L nnfl — — t ~ r— are determined. 






With the use of these values, 


'R '~n' "I'E 

the tail -pipe temperature ratio T 5 /t 3 is obtained from figure 6, and 

the decrease in net thrust is then determined from figure 7 for the 
general case or from figure 8 for constant-area operation. The specific 
fuel consumption is obtained from figure 9. 
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The results of such calculations ('with the exception of specific 
fuel consumption) for a 6 -foot-long heat exchanger installed on a 
hypothetical engine, the characteristics of -which were presented pre- 
viously, having a tail pipe 2.17 feet in diameter and a rated engine 
gas flow of 147 pounds per second are presented in figure 10. The 
heat -exchanger performance at outlet air temperatures ranging from. 

800° to 1100° E presented in figure 10(a) is for climb operation at a 
flight Mach number of 0.5 and an altitude of 15,000 feet. The results 
of calculations for cruise operation at a flight Mach number of 0.7 and 
an altitude cf 30,000 feet are presented in figure 10(b) for outlet air 
temperatures ranging from 700° to 1000° E. 


DISCUSSION OF UKFINNED EEAT-EZCHMSER PERFORMANCE 

The results presented in figure 10 indicate that the annular 
passage height decreases and the pressure drop across the air side of 
the heat exchanger increases with increase in either heat output or 
outlet air temperature. The ratio of outlet- to inlet- air pressure on 
the air side of the heat exchanger is expressed in the charts as 
P 7 /Pg. Figure 10 also indicates that the total loss in net thrust 

AF Q /F n varies directly as the heat extracted and as the weight flow 
through the air side of the heat exchanger. 

The minimum heat -exchanger pressure ratio for a ram-operated anti- 
icing system is shown as a dashed line across the curves of pressure 
ratio. A ram-operated system is defined as one in which the pressure 
drop across the air side of the heat exchanger does not exceed one-half 
the free-stream dynamic pressure, since it is considered that the pres- 
sure drop through the ducting of the thermal anti-icing system will 
approximate that amount (reference 7). 

It is evident that at the two respective assumed flight conditions 
the greatest heat output as limited by heat -exchanger pressure ratio is 
obtained at the lowest air temperatures investigated. For the climb 
condition at a flight Mach number of 0.5 at 15,000 feet, figure 10(a) 
indicates that for a ram-operated heat exchanger 6 feet in length the 
greatest heat output is 780,000 Btu per hour, with an outlet-air tem- 
perature of 800° E and annular passage height of 0.042 foot. At these 
conditions the loss in net thrust, for constant tail-pipe nozzle area 
operation, is slightly less than 2 percent. According to figure 10(b), 
this s ame heat -exchanger configuration during cruise operation would 
deliver appro ximat ely 425,000 Btu per hour at an outlet air temperature 
of 700° E with a net thrust loss between 2 and 3 percent. 

Tn order to obtain greater heat outputs than those possible with a 
ram-operated system, pressures greater than those resulting from ram 
pressure are necessary to force the required air flow through the 
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anti-icing system. A first approximation of the pressure required to 
pump the air through the anti-icing system (including the heat 
exchanger) is obtained from figure 10 by dividing the limiting heat- 
exchanger pressure ratio for a ram-operated system by the pressure 
ratio correspondi n g to the desired heat output and outlet- air tempera- 
ture. For example, a heat output of 920,000 Btu per hour is obtainable 
for an annular passage height of 0.035 foot and outlet-air temperature 
of 800° E at this assumed flight condition. However, a pressure approx- 
imately 11 percent greater than ram pressure is required to pump the 
air through the anti-icing system. 

The total net thrust loss shown in figure 10 is the sum of the 
cycle loss (at' constant nozzle-area operation) and the inlet momentum 
drag corresponding to the weight flow of air through the heat exchanger. 
In addition, for portions of the curves to the right of the ram- 
operating -limit curve, a further thrust loss would result from the 
power extraction necessary to boost the pressure to the value required. 
The portion of the thrust loss charged to the pumping of heat -exchanger 
air is arbitrary, as this loss would depend on the method of attaining 
the desired air flow and pressure. It should be noted that the ram- 
operated heat exchanger may not be the optimum as far as thrust Iobs is 
concerned, as the energy used to develop the ram pressure rise is 
obtained from the jet and the jet propulsive efficiency would therefore 
influence the over-all efficiency cf the ram-compression cycle. A 
decrease in the thrust loss due to pumping the heat -exchanger air flow 
might result if an auxiliary blower system were used to compress 
boundary-layer air to the desired pressure. 


COMPARISON OF FJJ1HEID AM) TJHFIMED BEAT -EXCHANGER EERFCKMANCE 

For purposes of comparison calculations of the performance of 
finned and unfinned heat exchangers were made assuming a tail-pipe 
diameter of 2.17 feet and the heat -exchanger inlet- air temperature 
equal to ram-air temperature. It was also assumed that the fin spac- 
ing in the finned heat exchanger was equal to the passage height, the 
fin thickness was l/32 inch, and the fin material had a thermal con- 
ductivity of 9 Btu/(hr) (ft) (°F) (typical of high -temperature materials). 
The results of calculations comparing the lengths of finned and unfinned 
heat exch ang ers having equal passage height and designed to deliver the 
same heat output at an outlet- air temperature . of 800° E, flight Mach 
number of 0.5, and an altitude of 15,000 feet are presented in 
figure 11. 

Figure 11 showB that, for equal passage height and heat output, 
the finned heat exchanger has a shorter length than the unfinned type. 
However . it should be noted that this advantage for the finned heat, 
exchanger becomes appreciable only at the lower range of heat output, 
since the length ratio l f /\ increases rapidly with increasing heat 
output . 
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Similar trends in the performance comparison were observed at 
higher outlet- air temperatures. It was found that for a given unfinned 
heat- exchanger length and heat output, the length ratio 1^/2 

decreased with an increase in the heat -exchanger outlet-air temperature. 
This effect, however, was accompanied by a decrease in passage height. 

It has already been shown, in the discussion of heat -exch ang er perform- 
ance, that pressure drop increased with increasing outlet air tempera- 
ture for constant length, because of the decreasing passage height. 

Thus it is evident that the selection of a low outlet- air temperature 
is favorable to the finned as well as unfinned type heat exchangers . 

In examining the merits of adding fins to the air side of tail- 
pipe heat exchangers it is of interest to make two types of comparison. 
The first of these is for the case of equal length, passage height, and 
outlet-air temperature; the second comparison is for the case of equal 
pressure drop through the air side of the heat exchanger, equal length, 
and outlet- air temperature. 

Pressure drop is very important in both cases. The friction loss, 
which is most critical in this problem (effect of fins on the momentum 
loss is small since outlet-air temperature is held constant), is pro- 
portional to the ratio of length to hydraulic diameter. For the case 
of equal passage height and with fin spacing equal to fin height, the 
ratio, and thus the friction pressure drop in a finned passage, 
is about double that of an unfinned passage. 

The performance of finned and unfinned heat exchangers of equal 
length (6 ft) and diameter (2.17 ft) and operating at an outlet- air 
temperature of 800° E is given in figure 12 for a flight Mach number 
of 0.5 and an altitude of 15,000 feet. Figure 12 Indicates that for 
a passage height of 0.042 foot the addition of fins to the air side 
results in an Increase in heat output from 780,000 to 875,000 Btu per 
hour. However, the pressure drop through the air side of the heat 
exchanger is approximately 2.7 times that of the unfinned heat exchang- 
er. Because of the greater pressure drop, the finned heat exchanger 
requires a pressure about 15 percent greater than the free -stream 
pressure, whereas the unfinned heat exchanger is ram-operated. 

According to figure 12, an unfinned heat exchanger 6 feet in length 
operating at an outlet- air temperature of 800° E and a pressure ratio 
of 0.80 (a condition requiring a pressure approximately 15 percent 
greater than that obtainable with ram pressure) has an a nn ulus passage 
height of 0.034 foot and heat output of 950,000 Btu per hour. Thus 
for a heat- exchanger pressure ratio of 0.80 (equal pressure drop through 
the air side of both heat exchangers), the unfinned heat exchanger has 
a heat output approximately 8 percent greater than that of the com- 
parable finned heat exchanger. 
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• This comparison (at operating conditions requiring a pressure 
greater than that obtainable with, ram pressure) indicates that, in 
order to realize equal pressure drop through the air side, the passage 
height of a finned heat exchanger must be greater than that of an 
unfinned heat exchanger and that this requirement eliminates the gain 
in heat output afforded by the addition of fins . Consequently where 
high heat outputs are required the unfinned heat exchanger because of 
its lighter weight and simpler construction probably would be prefer- 
able to the finned type. 


CONCLUDING REMARKS 

The performance of parallel-flow- type unfinned tail-pipe heat 
exchangers can be determined by the method presented herein. The 
results of this analysis are presented in the form of generalized 
working charts that are applicable to a wide range of flight conditions . 
The performance of unfinned tail-pipe heat exchangers installed on non- 
afterburning engines having a nominal compressor pressure ratio of 4.0, 
rated engine temperature ratio of 3.4, and rated corrected gas flow per 
unit of tail-pipe area of approximately 40 pounds per second per square 
foot can be determined by use of these charts . The use of these work- 
ing charts to predict the performance of heat exchangers installed on 
engines having higher compressor pressure ratios (and consequently 
rated engine -temperature ratios less than 3.4) will give results that 
are optimistic. The method of calculating heat -exchanger performance 
as set forth in this analysis, however, is still applicable. 

The results presented herein indicate that at a flight Mach number 
of 0.5 and an altitude of 15,000 feet a 6-foot-long ram-operated heat 
exchanger installed on a nonafterbuming turbojet engine (tail -pipe 
diameter, 2.17 ft. rated corrected gas flow per unit of tail-pipe area, 
40 lb/(sec)(sq ft); rated engine temperature ratio, 3.4) has a heat 
output of approximately 780,000 Btu per hour. This heat output is 
obtained with a heat -exchanger outlet- air temperature of 800° R. At 
these conditions the over-all effect on engine performance is a reduc- 
tion in net thrust of the order cf 2 percent. Higher heat outputs are 
obtainable with parallel-flow-type heat exchangers if a greater weight 
flow of air is pumped through the air side of the heat exchanger. For 
this mode of operation, the reduction in propulsive thrust would be 
somewhat greater than for the ram-operated case. 

Comparison of the perfo rman ce of finned and unfinned heat exchang- 
ers on the basis of equal pressure drop through the air side at high 
heat outputs indicates that the unfinned parallel-flow -type tail-pipe 
heat exchanger because of its lighter weight and simpler construction 
is probably preferable to the longitudinally finned heat exchanger. 


Lewis Flight Propulsion Laboratory, 

Rational Advisory Committee for Aeronautics , 
Cleveland, Ohio, May 16, 1951. 
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APPENDIX 

y c 

DERIVATION' OF RELATION BETWEEN PARAMETER — 

03 

AND FLUID TEMPERATURES 


Under steady -state conditions, the rate of heat tr ans fer from the 
exhaust gas through a thin separating 'wall to the air flowing over the 
outer surface of the tall pipe is given "by (see sketch) 



Wa°p,a dT a = ^l^g - T a ) 


(Al) 


dT & UrtD^dx 
(Tg - T a ) Wa c p,a 


(A2) 


After integration 


UjiDax 

-ln(T g - T a ) = + 0 X 


^a c p , a 


T g - T a = °2 e 


^UjcD 4 x ^ 


and when x = 0, Tg = T3, and T a = Tg, 


C2 = T3 - T6 


(A3) 

(A4) 


(A5) 


Substitution of equation (A5) in equation (A4) gives 
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When 3 : = 2, then 


hut 


or 


T g - T a - (*3 
3tD^_Z = S 

T 4 - T? = (T 3 
T 7 - T 1 = (*4 



T l) " ( T 4 " T ?) 


T 4 - T ? = T 4 - T x - (T y - T x ) 


Substituting equation (A9) in equation (A7) yields 


(T 4 - T x ) - (T y - Tj) = (T 3 



If equation (A10) is rearranged and divided hy (T 3 ~ T 4 ), 


(A 6 ) 


(A7) 


(A 8 ) 

(A9) 


(A10) 
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4 Tail -pipe outlet 

Section A-A 

5 Exhaust -nozzle outlet 

\ 

6 Heat -exchanger air inlet 

7 Heat-exchanger air outlet 



(a) Unfinned heat exchanger. 

Figure 1. - Turbo jet-engine tail-pipe heat exchanger. 
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6 Heat -exchanger air Inlet 

7 Heat-exchanger air outlet 



(b ) Longitudinally finned heat exchanger . 

Figure 1. - Concluded. Turbojet-engine tail-pipe heat exchanger. 






Fraction of rated engine temperature ratio, 
(b) Engine pumping characteristics. 



Figure 3. - Concluded. Characteristics of hypothetical turbojet engine 











- Continued. 


Air-flow parameter, 

(bj Outlet air temperature, S00 v R, 

Charao iSi , J ic J r °£jf 1 £ :l,1 ^ led UlU "P 1 P° *>•»& exchongor during oil* oondltioa, Flight H»oh nnlifr, O.Bi altltado 

0"JUU tO . OOO f •rtcHn» ■ riAO/1 -t ^ * - - ■ ivwiO X 


Figure 4* 



Air -flow parameter, ^ 

(o) Outlet air temperature, 1000° H. 

rare 4, - Continued* Ohara otariatioi of unflimod tall-pi.pt heat txchfmgar during olii'b con- 
dition, Flight Kach mabar, 0.6| altitude, 5000 to 56,o0o ftet} en*lna tpead, rated} turbine 
inlet tataptraturt, 2000° H. 




(d) Outlet air temperature , 1100° R. 

Figure 4. - Ccmoludad. Charaotariitioa of -unfinned tail -pipe heat exchanger during oldUab oondltlon. Flight Haoh number, 0.8) altitude, 

5000 to 86,000 feet) engine speed, rated) turbine -inlet temperature, 2000° a . 
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Figure B. - Characteristics of unTlrmod tail-pipe hsat eiohangor during o raise condition. Plight Haoh nunbsr, 0.7> altitude, 
63,000 to 36,000 footj engine speed and turbine-inlet temperature ratio, 86 peroent of rated values . 


O) 

H 


HACA IN 2456 




2212 



HACA U3T 2456 






MACA TU 2456 


a 


CVI 

CJ 



Figure 6. - Variation of heat-removal factor and tail-pipe 
temperature ratio with engine speed and thrust. Ram 
pressure ratio, 1.35. 
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ratios with engine speed and thrust . Ram pressure 
ratio, 1.35. 
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Fraction of rated corrected thrust. 

Figure 8. - Variation of tail-pipe nozzle area and temperature 
ratios with engine speed and thrust. Ram pressure 
ratio, 1.35. 
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Heat output, q, Btu/hr 

(a) Climb condition: flight Mach number, 0.5; alti- 

tude, 15,000 feet. 

Figure 10. - Performance of unfinned heat exchanger. Heat-exchanger 
length, 6 feet; tail-pipe diameter, 2.17 feet; rated engine gas 
flow, 147 pounds per second. 
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(b) Cruise 


Figure 10. - Concluded 
Heat-exchanger lengt 
rated engine gas flo- 
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Heat- 

1 . o -exchanger - 
passage 
height . 1 
— y 7- 
■(«) N 


’‘--900,000 

'860,000 


-700,000- 


600,000 


500,000 


-400,0001 


Unfinned heat -exchanger length, l u , ft 

Figure 11. - Comparison of lengths of finned and unfinned 
heat exchangers. Flight Mach number, 0.5; altitude, 
15,000 feet; tail-pipe diameter, 2.17 feet; rated engine 
gaB flow, 147 pounds per second; outlet air tempera- 
ture, 800° R. 
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Figure 12. - Comparison of performance of finned 
and unfinned heat exchangers at flight Mach num- 
ber of 0.5 and altitude of 15,000 feet. Outlet 
air temperature , 800° F; tail-pipe diameter, 

2.17 feet; rated engine gas flow, 147 pounds per 
second; heat -exchanger length, 6 feet. 
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